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We propose a scheme to enhance the single- and two-photon blockade effect significantly in a standard optome-
chanical system (OMS) via optical parametric amplification (OPA). The scheme does not rely on the strong
single-photon optomechanical coupling and can eliminate the disadvantages of suppressing multi-photon ex-
citation incompletely. Through analyzing the single-photon blockade (1PB) mechanism and optimizing the
system parameters, we obtain a perfect 1PB with a high occupancy probability of single-photon excitation,
which means that a high quality and efficient single-photon source can be generated. Moreover, we find that
not only the two-photon blockade (2PB) effect is significantly enhanced but also the region of 2PB occurring
is widened when the OPA exists, where we also derive the optimal parameter condition to maximize the
two-photon emission and the higher photon excitations are intensely suppressed at the same time.
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Optomechanics1–4, studying the various effects of
quantum mechanics on the macroscopic scale, has made
great progress over the past decade. For example, the
macroscopic mechanical oscillator cooling, squeezing, en-
tanglement, etc. have been widely investigated and ver-
ified experimentally5,6. In addition, the reaction effect
of mechanical motion on the optical field has also at-
tracted special attention. Many interesting topics have
been reported one after the other, such as the optome-
chanically induced transparency7,8 and PB9–14. Among
them, the PB is a nonclassical anti-bunching effect and
satisfies the sub-Poissonian light statistics, which can be
used to generate the single-photon source and is particu-
larly important for some fundamental studies in quantum
optics and quantum information processing fields. More-
over, the study of multi-photon blockade15–17 is reported
in recent years. As the name implies, the nPB means
that the generation of the n-th photon will block the
emergence of the (n+ 1)-th photon, which results in the
n-th order super-Poissonian or Poissonian photon statis-
tics and (n+1)-th order sub-Poissonian photon statistics.
To achieve PB, researchers have proposed two differ-
ent physical mechanisms, which respectively rely on the
anharmonic eigenenergy spectrum18–20 and the destruc-
tive quantum interference between excitation paths21–24
and are so-called conventional and unconventional PB.
Specifically, the anharmonic eigenenergy spectrum in the
convention PB mechanism usually comes from kinds of
nonlinearities. So the achievement of strong PB requires
a very large nonlinear strength, which is the major ob-
stacles for experimentally achieving the perfect PB. On
the other hand, although the two-photon excitation state
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can be completely suppressed when the destructive quan-
tum interference is satisfied, the multi-photon excitations
cannot be eliminated simultaneously in the unconven-
tional PB mechanism, which result in a reduction of
the PB effect25. In usual OMSs, the 1PB based on the
anharmonic eigenenergy spectrum is first proposed and
studied in Refs.9,10, where the anharmonicity originates
from the nonlinear optomechanical coupling. Therefore,
achievement of strong PB requires a large enough single-
photon optomechanical coupling, which is still a big chal-
lenge in experiments. The unconventional PB in OMS
has also been studied via introducing an auxiliary cav-
ity12,26. However, the required coupling between photons
is too large to satisfy the condition of complete destruc-
tive quantum interference.
Here we investigate the highly significant enhancement
effect of single- and two-photon blockade in an usual
OMS trapping an OPA. Through calculating the second-
and third-order correlation functions and those occu-
pancy probabilities of different photon excitation num-
ber, we analytically optimize the parameter condition
of respective PB cases (1PB and 2PB). We show that,
without requiring the strong optomechanical coupling
condition as in the usual OMS, a perfect 1PB can be
achieved and the multi-photon excitations are also sup-
pressed completely. Meanwhile, the single-photon occu-
pancy probability is maximized via analyzing the reso-
nance condition, which indicates that the efficiency of
single-photon emission is the highest at this time. Fur-
thermore, the enhanced 2PB is also discussed in detail
with the optimal parameter condition. And we find that
the existence of OPA not only enhances the 2PB effect,
but also widens the region of 2PB occurring.
We consider an OMS trapping a χ2-type nonlinear
medium27–30, as depicted in Fig. 1, where the cavity is
pumped by a classical laser with frequency ωl, amplitude
E, and phase φl. The nonlinear medium is a degenerate
OPA, which is driven by a pumping field with frequency
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FIG. 1. (a) Schematic diagram of an OMS with a χ2-type
nonlinear medium in the cavity. The cavity is pumped by a
classical laser and the nonlinear medium is driven by a pump-
ing field. (b) The anharmonic eigenenergy spectrum with dif-
ferent photon excitation number.
ωp = 2ωl, nonlinear gain rate G, and phase φp. The
optical mode interacts with the mechanical motion via
radiation pressure31,32. In the rotating frame, the sys-
tem Hamiltonian is written as (~ = 1)
H = ∆ca
†a+ ωmb†b− ga†a(b† + b) +Geiθa†2
+Ea† + H.c., (1)
where a (b) is the annihilation operator for the optical
(mechanical) mode. The first two terms are the free
Hamiltonian, ∆c = ωc − ωl is the cavity pump field de-
tuning, and ωm is the mechanical frequency. The third
term describes the optomechanical interaction33,34 with
the single-photon coupling strength g. The last two
terms represent the external driving interactions, and
θ = φp − 2φl is the relative phase between classical driv-
ing fields. Transformed into the mechanical displacement
representation defined by V = exp[g/ωma
†a(b† − b)], the
optomechanical interaction can be changed to the Kerr-
like nonlinear of optical cavity g2/ωm(a
†a)2. Utilizing
the fact g  ωm in most actual systems, we can regard
that the mechanical oscillator decouples with the optical
cavity at this time14. Therefore, when we are only in-
terested in the optical properties, we can ignore the me-
chanical parts and the Hamiltonian of optical component
is rewritten as H ′ = ∆ca†a − g2/ωm(a†a)2 + Geiθa†2 +
Ea† + H.c.. Clearly, the free energy spectrum of cavity
is n∆c − n2g2/ωm due to the optomechanical coupling
shifting the eigenenergy spectrum, see Fig. 1(b).
Utilizing the reduced Hamiltonian, the dynamical evo-
lution of the photon state is in the charge of the non-
Hermitian Schro¨dinger equation i∂|ψ(t)〉/∂t = (H ′ −
iκ/2a†a)|ψ(t)〉, where |ψ(t)〉 = ∑n Cn(t)|n〉 is the time-
dependent photon state, Cn(t) represents the probability
amplitude of n (n > 0) photons, and κ is the cavity decay.
Then we obtain a set of linear differential equations
iC˙n = −nMnCn/2 + E
(√
nCn−1 +
√
n+ 1Cn+1
)
+G
[√
n(n− 1)eiθCn−2 +
√
(n+ 1)(n+ 2)e−iθCn+2
]
,
(2)
whereMn = 2ng
2/ωm−2∆c+iκ. Under the weak driving
condition {E, G}  κ, we can truncate the space of
photon state by a low-excitation number, e.g., n 6 3.
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FIG. 2. The effect of system parameters on 1PB. (a) The
enhancement of 1PB via OPA. (b) The delayed second-order
correlation function with different optomechanical couplings.
(c) and (d) represent the equal-time second-order correla-
tion function versus different system parameters. The dashed
white lines are the optimal conditions Gopt = | − 2E2/M1|
and θopt = Arg[−2E2/M1], respectively.
The steady-state solution of probability amplitudes thus
is approximatively given by
C1 ' 2E/M1, C2 '
√
2
(
2E2 +GeiθM1
)
/M1M2,
C3 '
2
√
2E
[
2E2 +Geiθ
(
4Geiθ − 2g2/ωm + 3M2
)]
√
3M1M2M3
.(3)
The 1PB is characterized by the correlation function
g(2)(τ) =
〈a†(t)a†(t+ τ)a(t+ τ)a(t)〉
〈a†(t)a(t)〉〈a†(t+ τ)a(t+ τ)〉 , (4)
which is the probability of detecting two photons spaced
with a finite-time delay τ . So the mathematical repre-
sentation of 1PB is g(2)(0) < 1. Substituting the steady-
state solution into the equal-time correlation function
g(2)(0), we can obtain the analytical result g(2)(0) '(
2|C2|2 + 6|C3|2
)
/|C1|4. Here, we reserve the influence
of higher excitation (n = 3) on 1PB to test whether the
multi-photon excitation is suppressed completely.
On the other hand, the exact numerical simulation can
be carried out by utilizing the quantum master equation
with the initial Hamiltonian H
ρ˙ = −i [H, ρ] + κL[a]ρ+ γmL[b]ρ, (5)
where ρ is the system density matrix, γm represents the
mechanical damping rate, and L[o]ρ is the standard Lind-
blad operator for the arbitrary system operator o. When
the system reaches its steady state ρs, the exact numer-
ical result is given by g(2)(0) = Tr[a†a†aaρs]/Tr[a†aρs]2.
Next, we concretely discuss the enhanced 1PB effect
and photon statistics property based on the above an-
alytical and numerical calculations. Before our discus-
sion, we analyze the optimal condition of 1PB occurring,
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FIG. 3. Analytical solution (red line) and numerical simu-
lation (black asterisk). (a) g(2)(0) versus the cavity pump
field detuning with different pairs of optimal parameters,
which respectively result in the perfect 1PB occurring at
∆c/κ = {−2, 0, 1.5}. (b) The single-photon occupancy prob-
ability versus the cavity pump field detuning with different
optomechanical coupling strengths g/ωm = {0.05, 0.1, 0.15}.
i.e., Geiθ = −2E2/M1. Under the optimal condition, we
first verify the enhancement effect of 1PB via OPA, as
shown in Fig. 2(a). We can see that, owning to the ex-
istence of OPA (G 6= 0), the 1PB effect is significantly
enhanced even in the weak optomechanical coupling re-
gion, which breaks the restriction of strong coupling as
in optomechanical systems9,10. However, we also notice
the enhanced 1PB is imperfect when the optomechanical
coupling is too small. That is because the small coupling
cannot cause a sufficient anharmonic eigenenergy spec-
trum, resulting in the incomplete suppression of multi-
photon excitation. As the coupling increases, the 1PB
will be gradually perfect g(2)(0) = 0. Furthermore, the
delayed second-order correlation function is plotted with
different optomechanical couplings, see Fig. 2(b). We
find that g(2)(τ) is always larger than g(2)(0) and reaches
1 when the delay time is long enough. To verify the
optimal condition, we plot the correlation function ver-
sus different system parameters in Figs. 2(c) and 2(d),
respectively. In the above simulation, the other system
parameters are chosen as g/ωm = 0.05, ωm/κ = 100,
γm/ωm = 10
−6, and E/κ = 0.05 that satisfy the approx-
imate conditions we need {E, G}  κ and g  ωm.
According to the above analyses, the location of per-
fect 1PB can be modulated via changing the optimal
parameters Gopt and θopt, as shown in Figs. 2(c) and
2(d). Specially, the perfect 1PB occurring at different
∆c is shown in Fig. 3(a) by analytical and numerical
calculations, respectively. Here, the optimal parameters
have been chosen according to the above optimal con-
dition. It seems that the perfect 1PB at any location
is possible. However, we cannot ignore the fact that
the perfect 1PB also requires a high single-photon oc-
cupancy probability to achieve the high efficient single-
photon source. Whether the perfect 1PB at any lo-
cation all has the high occupancy probability needs to
be further verified. We calculate the single-photon oc-
cupancy probability with different optomechanical cou-
plings when the perfect 1PB occurs and show the results
in Fig. 3(b). We find that the distribution of occupancy
probability satisfies the Lorentz linearity and its peak
is located at ∆c/κ = g
2/ωm, which corresponds to the
single-excitation resonant condition, see Fig. 1(b). That
means the single-photon occupancy probability of per-
fect 1PB is not always high for any location. With the
enhancement of optomechanical coupling, the location of
perfect 1PB with a high single-photon occupancy proba-
bility moves to the right and the difference between ana-
lytical and numerical results arises gradually. That is be-
cause the excessively large optomechanical coupling leads
to the fail of approximative analytical solution. Com-
bined with the OPA and optomechanical coupling, the
perfect 1PB is obtained and the single-photon occupancy
probability is almost 10−2, which indicates that the effi-
ciency of single-photon emission can reach 104 per second
when the decay of cavity is megahertz.
Moreover, we also explore the existence of 2PB15–17,
which can be judged by the criterion of g(2)(0) >
1 and g(3)(0) < 1. Here, g(3)(0) is the equal-time
third-order correlation function defined as g(3)(0) =
〈a†a†a†aaa〉/〈a†a〉3, which represents the probability of
detecting three photons in optical cavity at the same
time. According to the analytical derivation, the opti-
mal parameter condition of g(3)(0) = 0 is given by
Geiθ '
{
K +
√
K2 − E2/2, (∆c/κ < 5g2/3ωm)
K −√K2 − E2/2, (∆c/κ > 5g2/3ωm) (6)
where K = g2/4ωm−3M2/8. We stress that the optimal
condition is different from the previous 1PB optimal con-
dition and it cannot ensure the occurrence of 2PB, which
needs g(2)(0) > 1 is satisfied at the same time.
To verify the existence of 2PB, we respectively calcu-
late the g(2)(0) and g(3)(0) by utilizing the derived op-
timal condition when the OPA exists or not, and show
the results in Figs. 4(a) and 4(b). We can see that the
2PB effect is significantly enhanced in the presence of
OPA (G 6= 0) and the region of 2PB occurring is in-
creased. Under the optimal condition, the strong 2PB
{g(3)(0) ∼ 10−3, g(2)(0) > 1} is achieved in the vicinity
of ∆c/κ ' 2. Furthermore, we also show the optimal
condition of 2PB versus the cavity pump field detuning
in Figs. 4(c) and 4(d). In order to further illustrate the
2PB effect, we calculate the relative deviations of the
photon distribution to the standard Poisson distribution
of the same mean photon number, which is defined as
(P −P)/P. Here, P is photon-number distribution prob-
ability in our scheme, P represents the standard Pois-
son distribution probability with the same mean photon
number, and the relative deviations of different photon
number n is given by Pn = e−〈a†a〉〈a†a〉n/n!, where 〈a†a〉
is the mean photon number. The analytical and numeri-
cal results of the relative population located at ∆c/κ = 2
are shown together in Fig. 4(e). We can see that the an-
alytical result (blue) coming from Eq. (3) is truncated to
3 and the numerical simulation (red) is truncated to 4
(be same to a higher truncation), where both they agree
well with each other and indicate the strong 2PB occurs.
Meanwhile, the higher photon excitations (n > 3) are
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FIG. 4. (a) and (b) respectively show that the region of 2PB
occurring versus the cavity pump field detuning without or
with OPA, where the solid red line represents the second-
order correlation function, the dashed black line is the third-
oder correlation function, and the pink region indicates the
occurrence of 2PB, i.e., g(2)(0) > 1 and g(3)(0) < 1. (c) and
(d) are the optimal θ and G versus the cavity pump field
detuning, as given in Eq. (6). (e) The relative deviations of
the analytical (blue) and numerical (red) photon distribution
to the standard Poisson distribution of the same mean photon
number located at ∆c/κ = 2. Here, we choose g/ωm = 0.1.
intensely suppressed, which also indicates the rational-
ity of truncation we adopt. Therefore, we conclude that
the two-photon emission in our model can also be signifi-
cantly enhanced via the OPA while the higher excitations
are effectively suppressed.
In summary, we have investigated the enhanced single-
and two-photon blockade effect via the trapped OPA in a
standard OMS. We find that the existences of OPA and
optomechanical coupling are complementary for achiev-
ing the strong PB. Specifically, the perfect 1PB en-
hanced by OPA no longer requires too large single-photon
optomechanical coupling, which reduces the difficulty
of experimental implementation. On the other hand,
the appropriate optomechanical coupling also removes
the shortcoming in the incomplete suppression of multi-
photon excitation. Combining optimal OPA and weak
optomechanical coupling, the perfect 1PB can be effec-
tively achieved. Meanwhile, when the perfect 1PB oc-
curs, we also discuss how to maximize the single-photon
occupancy probability to improve the efficiency of single-
photon emission. For the 2PB, the OPA not only en-
hances the blockade effect, but also widens the region of
blockade occurring. Moreover, the higher photon exci-
tations are also intensely suppressed, which ensures the
quality of 2PB. Our scheme would provide a guidance for
the experimental implementation of single-photon source
with a high single-photon emission efficiency and might
be meaningful to investigate the multi-photon blockade.
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